Abstract-This paper describes the design and implementation of an experimental system created to evaluate the performance of channel estimation and equalisation for spectrally efficient frequency division multiplexing (SEFDM) systems in which higher spectral efficiency compared to conventional orthogonal frequency division multiplexing (OFDM) is achieved by violating the orthogonality of its subcarriers. This work proposes a new frequency-domain channel estimation and equalisation method, then investigates the employment of both OFDM and SEFDM pilot symbols for channel estimation to find channel state information (CSI). It is experimentally shown that the new method offers a reduction in the computational complexity compared to conventional time-domain estimation and equalisation for SEFDM systems with a similar system performance. The design of the baseband signal generation and signal detection using IFFT and FFT structure implemented using LabVIEW communication design suite is described in detail together with the baseband design of the system used to effect signal synchronisation and channel estimation and equalisation.
I. INTRODUCTION
Since the commercial deployment of 4G [1] networks, research into next generation networks has been developing rapidly with significant achievements [2] - [4] . This is due to the end user requirement for high data rates that support new media and data services. Thus, currently deployed 4G networks will offer insufficient rates to support such heavy data services. In future 5G networks, user demand is expected to be significantly in excess of the total network supply. As predicted in [5] , over 50 billion devices will be connected to the internet by 2020.
Although future 5G standard (or standards) are still not fixed, one of the most important requirements is higher spectrum efficiency. The two main propositions to achieve this are, first, reducing frequency spacing between adjacent carriers, such as in SEFDM [6] , [7] systems, and second, send data faster, such as in FTN [8] , [9] and TOFDM [10] systems. Generally, both of these methods will require non-orthogonal signals, which will either save bandwidth or time. However, by breaking the orthogonality rule, the systems performance is impacted in many ways. For example, one artefact of nonorthogonal systems is that inter-carrier interference (ICI) is generated in the signals that requires more complex receivers to detect the signals. Moreover, channel estimation and equalisation become more challenging due to the combined channel estate information (CSI) with ICI.
In this work, we investigate experimental implementation of channel estimation and equalisation of SEFDM signals in the frequency domain. In [11] and [12] , channel estimation and equalisation were operated in the time-domain, since a standard single tap frequency domain estimator cannot work perfectly due to the self-induced ICI and this is also the case for equalisation. Although following this technique guarantees excellent channel estimation and equalisation, its complexity is rather high since matrix inversion and matrix multiplication operations are required. With such high complexity, implementation is not practical. Hence is the motivation of this work, to develop efficient channel estimation and equalisation method that work well in time variant fading channels yet have acceptable/practical implementation complexity. Therefore, this work proposes a novel frequency domain channel estimation and equalisation algorithm for the purpose of practical implementation.
This paper is organised as follows. Section II depicts SEFDM signal model. Section III explains the methodology of implementing frequency-domain channel estimation and equalisation. Section IV provides the description of the experimental setup in a realistic fading channel. The measured results and evaluate the system performance are shown in Section V. Finally, Section VI concludes the paper.
II. SEFDM SIGNAL MODEL
This section first outlines the mathematical signal model for SEFDM signals, then describes the methodology of SEFDM system implementation.
A. Signal Model
An SEFDM symbol consists of N complex quadrature amplitude modulation (QAM) symbols denoted as S. Every QAM symbol is modulated on a non-orthogonal subcarrier. The overall continuous time SEFDM signal x (t), consisting of l SEFDM symbols is expressed as follows [12] :
where T is the SEFDM symbol duration, α = ∆f T is the bandwidth compression factor, i.e. ∆f is the frequency spacing between two adjacent subcarriers, N is the number of subcarriers in each SEFDM symbol, S l,n is the complex QAM symbol that is modulated on the n th subcarrier of the l th SEFDM symbol and
is the normalisation factor. Since the available data rate on each subcarrier is kept the same in comparison to the data rate of OFDM subcarriers, the distance between subcarriers in the frequency-domain is scaled down by α, then the bandwidth saving is equal to (1 − α) of the available bandwidth. When α = 1, an OFDM symbol is obtained, while for α < 1, the result is an SEFDM symbol. Fig. 1 and Fig. 2 depict the OFDM and SEFDM signals.
Moreover, the discrete SEFDM signal can be simply given in matrix form as follows [12] :
where
T as an N -dimensional vector of a sampled input in the frequency-domain and Φ is a Q×N twodimensional matrix that signifies the sampled carrier matrix, where Q = ρ * N and ρ is the oversampling ratio. The Φ matrix elements are
T indicates the vector transpose. Assuming a realistic scenario, i.e. the transmitted signal is passed through a wireless fading channel,Ĥ; at the receiver, the channel-distorted signal is contaminated with additive white Gaussian noise (AWGN), Z resulting in the received signal, which is then correlated with the complex conjugate carrier matrix, Φ * . The reception process is expressed as [12] :
where R is the demodulated signal consisting of stream of symbols of N -dimensional vector size, and Z Φ * is the conjugate carriers correlated with the AWGN samples.
B. Signal generation
In this work, a single IFFT is implemented to realise SEFDM signal generation; where a specified number of zeros were added at the input of the IFFT, at the edges of the input vector, meaning that the number of samples at the input vector to the IFFT becomes V = Q/α. Consequently, a V -point IFFT is required to generate the SEFDM signal of N input subcarriers, where the remaining V − N inputs are fed with zeros. Of which, γ = Q − N zeros are introduced due to the oversampling ratio, ρ, while the Λ = V − Q number of zeros to the input of IFFT and discarded samples of the output of the IFFT, are variable according to the bandwidth compression in SEFDM systems for SEFDM data and pilot symbols. In the case of using different compression values for SEFDM data symbols, α, and SEFDM pilot symbols, α p , the discarded samples of the pilot symbols at the output of IFFT is Ω = Q/α p −Q while ξ = Λ+γ −Ω is the difference between the number of transmitted samples in SEFDM data and pilot symbols, as shown in the Fig.3 .
III. CHANNEL ESTIMATION AND EQUALISATION
The transmitted signals transversing a radio channel are impacted upon by the frequency response of the channel. After reception of the signals and, after undergoing the usual processes, transformation back into the frequency domain, channel estimation and equalisation processes are necessary before symbol de-mapping, in an attempt to eliminate the channel effects from the signal.
A. Channel Estimation 1) Channel estimation using OFDM pilots: In this method an OFDM pilot is applied. The OFDM pilot has subcarrier spacing equal to that of SEFDM but with a lower data rate at each subcarrier, resulting in the restoration of the orthogonality between subcarriers and absence of ICI and hence, understanding of the ICI. The time duration of an OFDM pilot symbol is longer than the time duration of the SEFDM symbols, resulting in slightly impaired spectral efficiency. Due to the orthogonal nature of OFDM signals, a simple estimation process can be used, that follows [13] :
whereĤ is the estimated channel characteristics at each active subcarrier using an OFDM pilot symbol, S H is the demodulated OFDM pilot that has been through the aforementioned fading/AWGN channel and S p is the expected received OFDM pilot symbol after the demodulation process, which is clearly the same transmitted pilot symbol, due to the fact that OFDM systems have no self-induced ICI between the subcarriers, as mentioned.
2) Channel estimation using SEFDM pilots: In this work, we propose a new channel estimation method using an SEFDM pilot to estimate the channel characteristics at the relative frequency positions of each subcarrier. The frequency spacing of these pilots are compressed, relative to those of an equivalent OFDM symbol of the same time duration. In SEFDM systems, the auto-ICI generated between subcarriers due to the bandwidth compression is deterministic and can be described mathematically by the correlation matrix as given in [14] . The receiver has the transmitted pilot symbols information and thus it applies the knowledge of the correlation matrix to find the expected received pilot symbols, S p that are defined asŜ p = CS p , where S p is the known transmitted pilot symbol and C is the correlation matrix [14] . 
whereĤ is the estimated channel characteristics at each active subcarrier using the SEFDM pilot symbol,Ŝ H is the demodulated SEFDM pilot that has been through a fading AWGN channel andŜ p is the expected received SEFDM pilot symbol after the demodulation process.
B. Channel Equalisation
Channel equalisation is the task of reversing the channel response that affects the radio signals by using the CSI found by the channel estimator. The equalisation process is done by multiplying the received signal with the inverse of the channel characteristics and can be expressed as
where R is the equalised SEFDM data symbols and S is the received SEFDM data symbols. The received symbols are affected by self interference that comes from the lack of non-orthogonality, delay spread that produce interference in the signal and AWGN from the electronic devices that are used to receive the signal. Channel equalisation utilise the estimated channel state information to reverse the channel effects. However, the self ICI generated in the SEFDM signal between the subcarriers can not be cancelled by the equalisation process, which means R contains the self ICI. In order to tackle the problem of the ICI in SEFDM signals, several detection methods are proposed and implemented to recover the data after the equalisation process [15] - [20] . However, there is no detector implemented in this experiment because the focus of this work is to evaluate the channel estimation and equalisation processes.
IV. EXPERIMENTAL SETUP
This section evaluates the channel estimation and equalisation techniques for different LTE channel emulation scenarios. In general, the testbed of this experiment consists of universal software radio peripheral (USRP) transceivers (NI USRP RIO N2395R) programmed using LabVIEW, plus, a Spirent VR5 channel emulator to generate realistic LTE channels. Both software and hardware specifications are detailed below.
A. Experimental Setup & Parameters
The schematic block diagram is outlined in Fig. 3 . At the transmitter, a stream of pseudorandom bits d n is generated, which are mapped into either binary phase shift keying (BPSK), quadrature phase shift keying (QPSK) or 16-quadrature amplitude modulation (16-QAM) format. Consequently, the data symbols S n are divided to N parallel streams by a serial to parallel (S/P ) converter, where N is the number of subcarriers in each SEFDM symbol. are fed to the SEFDM signal. The parallel streams are input to an inverse fast Fourier transform (IFFT) of length V .
It is important to emphasize that for the case of OFDM pilot, in order to maintain the orthogonality between its subcarriers while having the same frequency seperation of SEFDM, the data rate of each subcarrier has to be reduced by a factor of (α).
Then, the SEFDM samples are converted back to a serial stream X by a parallel to serial (P/S) converter. In order to reduce the effect of inter symbol interference (ISI) between adjacent symbols in a multipath wireless channel, a cyclic prefix (CP) is added at the beginning of each SEFDM symbol. In this experiment, the symbols are transmitted in frames, each of length f ourteen SEFDM symbols with the first OFDM/SEFDM symbol being reserved as a pilot. The frame bandwidth is 18MHz for OFDM while in SEFDM systems the occupied bandwidth is (1 − α) * 18 MHz using the same number of subcarriers. Each frame is of length f ourteen SEFDM symbols with the first OFDM/SEFDM symbol being reserved as a pilot.
In the final stage at the transmitter, the digital complex signal b k is fed to an FPGA inside the national instrument (NI) USRP RIO N2953R of 120MHz channel bandwidth to perform digital to analog (D/A) conversion and frequency up-conversion to the 2GHz band. The experimental system specifications are shown in Table I 
B. Realistic Fading Channel Model
The RF signal is transmitted through a VR5 channel emulator that has LTE wireless channel model parameters [21] , the output of VR5 is fed to the receiver USRP, which down-converts the analogue RF frequency to baseband signal and then converts the signal back to digital domain. A Schmidl and Cox [22] synchronization is applied in this experiment, where two identical timing sequences are added at the beginning of each frame to identify the beginning of the received frameb k . After down conversion, two sequences are correlated to get a correlation peak, which indicates the estimate of the starting sample of the data frame,Ŷ for the analog to digital (A/D) converter.
Following this, CP is removed from the received symbols, thenX is converted to parallel streams and fed to the lower FFT in the recovery block and then to the channel estimator block. The signal is received from different paths with different delays, thus it has a multi-delay spread equals to the difference between the longest path and line of sight. Channel estimation and equalisation are implemented to remove the phase and amplitude distortion. In order to estimate the channel effect using OFDM pilot, a standard one tap channel estimator is utilized. On the other hand, estimating the channel with SEFDM pilot requires a knowledge of self ICI generated in SEFDM systems. The C est block diagram in the lower left corner of Fig. 3 represents the process. The CSI defined asĤ is given to the equaliser to cancel the channel effect of the rest thirteen symbols in the same received frame, this process is depicted in the block C eq .
V. EXPERIMENTAL RESULTS

A. Channel Estimation Performance
In this experiment, minimum square error (MSE) performance is practically examined to evaluate the frequencydomain channel estimation performance. In a previous work [12] , SEFDM pilots are tested in a static channel to assess the MSE performance. However, in this work, for the same channel, MSE is examined to evaluate the efficacy of SEFDM and OFDM pilots utilization with channel estimation in frequency domain. The static frequency selective channel is
The MSE is evaluated for different compression factors (α = 1, 0.9, 0.8, 0.7) as
From Fig. (4) , it is clear that the frequency-domain OFDM channel estimation outperforms SEFDM channel estimation, as it results in lower MSE due to the self interference created between subcarriers in SEFDM. Furthermore, as expected, the channel estimation accuracy degrades by decreasing α, because with more compression the ICI becomes dominant.
The channel estimation is used to equalize the effect of the channel on the received symbols before detection. The next section looks into the equalization scheme implemented in this work.
B. Channel Equalisation Performance
The channel equalization is examined for the case of OFDM pilots. As mentioned before, better frequency domain channel estimation can be achieved via OFDM pilot utilization compared to SEFDM, however, a reduction in spectral efficiency (SE) is the drawback, because OFDM pilot has a lower data rate compared to SEFDM pilot with the same frequency spacing. Error vector magnitude (EVM) is measured after channel equalisation using the estimated channel characteristics via OFDM pilot employment. EVM is a figureof-merit used to evaluate the distortion in the received signal introduced by the distortion factors, such as noise and amplitude distortion. In Fig.(5) , EVM performances are depicted for different modulation schemes (BPSK, QPSK and 16-QAM) with various compression factors α = 1, 0.9, 0.8, 0.7, where α = 1 is the case of OFDM. From the EVM curves, it is clear that OFDM outperforms SEFDM as it has lower EVM due to the self-created ICI in SEFDM. The distortion introduced in this system is shown to have, roughly, the same effect on the three modulation schemes.
In addition, Fig. (5) shows the constellation diagram of the equalised received symbols for both OFDM and SEFDM α = 0.8. It is obvious that the received OFDM symbols are equalised successfully to retrieve the original constellation diagrams contaminated with noise. On the other hand, the equalised SEFDM symbols have a distorted constellation diagram although OFDM pilot symbols are used to estimate the channel characteristics due to the ICI.
The frequency domain channel estimation and equalisation in SEFDM systems reduces the computational complexity compared to the previous implemented time-domain channel estimation/equalisation in [12] with a similar performance. The reason behind this is that the computational complexity of matrix inversion increases exponentially with the number of subcarriers N in time domain scheme, however, in the frequency domain scheme no matrix inversion is required and the complexity increases linearly by N .
VI. CONCLUSION
This work presents the deign and practical implementations of baseband generation, signal assembly, signal decoding and a new frequency-domain channel estimation and equalisation method for SEFDM where subcarriers are compressed to reduce utilized bandwidth and increase SE. Due to the ICI introduced by this compression in SEFDM, a degradation in system performance is noticed when channel estimation via SEFDM pilot to find CSI is used directly.
The experimental work reported shows the feasibility of using SEFDM pilots when ICI is taken into consideration at the receiver side while computing the channel parameters for equalization. However, OFDM pilots employment for estimation outperforms that for SEFDM, but still, this may be considered as a reasonable price for the bandwidth savings in SEFDM. Such experimental results were obtained by testing signals over an LTE channel generated by a VR5-channel emulator operating at a frequency of 2GHz.
Furthermore, the effect of channel equalisation after estimation is examined by EVM figure-of-merit parameter. Finally, it is shown that this method reduces the complexity of previous work based on channel equalization and estimation in time domain, making this an efficient method for real-time systems implementation.
